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INTRODUCTION
Narita and Kuratani [33] provided developmental understanding of mammalian axial vertebral formulae using classical descriptive data by Owen [38] ; they concluded that 19 thoracolumbar (TL) vertebrae in many mammalian groups tend to be fixed because of developmental constraints, as seen in a stable cervical count of 7; however, most Carnivora have 20 TL vertebrae, which shows a lineage-specific pattern. Because of the limited sample size in Owen's catalogue [38] , to obtain more accurate conclusions it is necessary to examine a larger sample size, as in some studies [1, 39, 41, 54, 55, 62] .
Asher et al. [2] conducted a statistical analysis on mammalian vertebral formulae using a larger sample size and concluded that xenarthrans and afrotherians have a high proportion of individuals with meristic deviation from species' median counts, and monotremes, xenarthrans, afrotherians, and primates have relatively high variation in TL count [2] . The extreme vertebral formulae in some mammals, such as afrotherians and xenarthrans, have recently been thoroughly re-examined [7, 23, 42] .
Alternatively, it is well known that rodents are the least variable mammals and are thought to have a fixed TL count of 19 without any deviations [2, 42] . However, they live in a wide variety of habitats, such as air, trees, land, water, and soil; additionally, they represent 38% of mammal species [10] . To identify the lineage-specific trend in TL counts of rodents, various rodents should be examined, from frequently used experimental rodents to uniquely specialised rodents, such as gliding scaly-tailed squirrels (Anomalidae) and burrowing pocket gophers (Geomyodae), which have not been previously studied.
In our past research on colugos [27, 28] , we found that there was insufficient data regarding colugo anatomy compared with other mammals. Colugos, arboreal and nocturnal mammals with a specialised ability to glide, tend to evade capture [31] . There are therefore limited specimens available for research.
We tested the hypothesis that axial vertebrae adapt to different locomotive modes, and are modified despite evolutionary and developmental constraints, using some of the perceived least variable mammals with regard to thoracolumbar count (fixed at 19), including colugos, tree shrews, and rodents.
The aims of the present study are to (1) provide the first large data set on vertebral formulae and proportions in colugos and tree shrews, which are sister taxa; (2) compare these data with those of rodents adapted to different locomotive modes, such as those that are gliding/arboreal, terrestrial, digging, or semi-aquatic, and include all five aerodynamic mammals: colugos, flying squirrels, scaly-tailed squirrels, sugar gliders, and bats; and (3) elucidate the relationships among axial vertebral counts and proportions, lineage-specific developmental constraints, and/or functional adaptation by different locomotive modes.
MATERIALS AND METHODS

Materials used
In total, 433 postcranial skeletons were used for this study, as listed in Table 1 .
As the main materials, the vertebral formulae and proportions of 33 colugos (or flying lemurs; Dermoptera) and 112 tree shrews (Scandentia) were intensively examined from dry skeletons to assess their morphological similarities and differences, because they are phylogenetically sister taxa.
Furthermore, an additional 288 postcranial skeletons from 29 mammalian specimens of 16 rodent, bat, and marsupials (sub-) families that include all other aerodynamic mammals were compared to test the hypothesis that morphological changes of vertebral formula and proportion differ based on locomotive mode. Any individuals with pathological abnormalities were excluded from this study.
Identification and measurement of vertebrae
For identification of each vertebra, the vertebral morphology was considered the most important criterion, as in other studies [2, 40] .
Thoracic vertebrae were principally identified as those elements with rib facets on or near the vertebral neural arch, or the presence of articulated ribs. In addition, anatomical characteristics were usually present, such as species-dependent morphology of the shape, size, width, height, and angle of the vertebral body, and transverse and spinous processes with lumbar vertebrae (Fig. 1A, B) .
If there were difficulties with identification of short unarticulated ribs or long lumbar transverse processes (Fig. 1C) , thoracic and lumbar vertebrae were identified based on the above anatomical characteristics; the thoracic vertebrae were generally more slender and weaker than lumbar vertebrae [40] , although these vertebral characteristics differ by species.
Lumbar vertebrae were identified as those elements cranial to the sacro-iliac articulation lacking conspicuous rib facets and showing a transverse process (Fig. 1D) . Some difficult cases, in which the most caudal lumbar vertebra partially fused into sacral vertebrae as one sacral bone and articulated with the iliac bone, were defined based on anatomical characteristics. (Lim, 1967 (Lim, , 1969 Muul & Lim, 1971; Gould, 1978 All vertebral measurements were taken based on the ventral height of each vertebral body using a digital calliper.
RESULTS
Vertebral formula
The vertebral formulae and TL counts are shown in Tables 2 and 3 , respectively. Our findings showed that the range in vertebral formulae were 7C (cervical vertebrae), 13-14T (thoracic vertebrae), 5-8L (lumbar vertebrae), 4-5S (sacral vertebrae), and 18-22TL (thoracolumbar vertebrae) in colugos and 7C, 12-15T, 5-7L, 3S, and 18-21TL in tree shrews. Although the most frequent formula of presacral vertebrae was shared as 7C, 13T, 6L, and 19TL in both species (Tables 2, 3 ), our data showed that the most frequent TL count of 19 was found in only 48.5% of colugos (16/33) and 72.3% of tree shrews (81/112). Furthermore, geographical variation was also observed: the most frequent TL counts were 21 or 22 (each 35.7%, 5/14) in Philippine colugos and 19 (68.4%: 13/19) in Sunda colugos (Fig. 2) .
In examined rodents, all tree and most ground squirrels, Guinea pigs, porcupines, rats, and pocket gophers, had consistently fixed TL counts of 19 (100.0%; Fig. 3A ). Some rodents showed variation from 19 TL counts: black-tailed prairie dog, 6/7 cases (85.7%); nutria, 11/13 (84.6%); capybara, 8/10 (80.0%); North American beavers, 11/13 (84.6%); red giant flying squirrel, 9/13 (75.0%); Japanese giant flying squirrel, 10/12 (83.3%); and southern flying squirrel, 14/18 (77.8%). In addition, scaly-tailed squirrels exhibited extreme TL counts of 24 (1/19, 5.3%), 25 (17/19, 89 .5%), and 26 (1/19, 5.3%).
In bats, TL variability was also observed: Pteropus megabats, 17TL (2/21, 9.5%) and 18TL (19/21, 90.5%); and Jamaican fruit bats, 16TL (1/11, 9.1%), 17TL (9/11, 81.6%), and 18TL (1/11, 9.1%).
In examined marsupials, all Parma wallabies and common opossums had fixed TL counts of 19 (100.0%), but the sugar gliders had some variation: 18TL (2/13, 15.4%) and 19TL (11/13, 84.6%).
These results showed that variability of TL counts in range and frequency predominated in most aerodynamic mammals and there was variation from 19TL in some semi-aquatic mammals.
Relative lengths of axial skeletons
To eliminate a bias caused by different vertebral formulae, only axial skeletons with the most frequent vertebral formula for each species were selected; then, lengths of cervical, thoracic, lumbar, and sacral vertebrae relative to body length (TL length) were calculated as summarised in Table 4 . Most examined mammals except flying squirrels [Pteromynae: giant (Fig. 3B) and southern ( Fig. 3C) flying squirrels] and scaly-tailed squirrels (Anomalidae: Fig. 3E, F) had longer thoracic and shorter lumbar vertebrae. Remarkably, two aerodynamic mammals, colugos and bats, had elongated cervical vertebrae (colugo: Fig. 1A, C, E; bat, Fig. 3G ).
Consequently, unique elongations in relative axial length (thoracic and lumbar vertebrae) were recognised as aerodynamic mammalian characteristics.
DISCUSSION
Functional adaptation and developmental constraints of vertebral formulae
To date, developmental studies clarified that specification of the vertebral column is regulated by the expression patterns of the Hox genes [8, 11, 12, 19] . Additionally, somite segmentation genes also play an important role in vertebral column development [12, 24] . Based on these recent developments, TL counts were determined to be relatively constant at the levels of families and orders [33, 42] . As mentioned in those studies, many mammalian TL counts are fixed at 19, with a constant 7 cervical vertebrae and therefore, other exceptional unique mammalian species have been focused to examine their evolutionary and developmental transformations in afrotherian mammals [42] , sloths [7, 23, 56] , pygmy right whale [6] , manatees [56] , anthropoid primates [62] , and dolphins [59] . Because the TL counts in colugos, tree shrews, and rodents were mostly thought to be fixed at 19, they were excluded from detailed examination [2, 16, 18, 33, 42] . However, we recognised exceptions in some rodents and needed to search any selection factor for vertebral variability. Alternatively, the vertebral counts and/or morphological transformations that reflect adaptation have been reported: elongated lumbar vertebrae in gliding squirrels compared with non-gliding squirrels contribute to increased stiffness and are useful for stability and control for gliding [54, 55] ; and arboreal tree shrews are more thoracic for increased stability on trees, terrestrial tree shrews are more lumbar for increased flexibility [40] . Additionally, there are morphological differences of vertebrae in bridging and cantilevering mammals [21] , and vertebral morphology and counts differ based on running speed in mammals [18] .
Our previous anatomical studies on gliding mammals [27, 28] revealed that there were insufficient data available on axial skeleton of colugos, tree shrews, and specialised rodents, such as scaly-tailed squirrels and pocket gophers. Therefore, we investigated morphological variability of vertebral counts and proportions based on different locomotive modes.
In colugos, Leche [29] introduced some classical data on vertebral formula, but only described a few specimens, mostly one or two specimens. Although these data were clearly insufficient for comparison with other mammals, these data also seem to show vertebral variability: 7C, 13-14T, 5-9L, 3-6S and 18-22TV. In a recent study on mammalian TL counts, Sánchez-Villagra et al. [42] in 15 (93.8%) cases and 21 TL in only 1 (6.3%) case. Therefore, to the best of our knowledge, the present study provides the first large data set for future colugo studies. Although our range of vertebral formulae were similar to those of previous reports, our data clearly showed high variation in individuals, with meristic deviation and substantial geographical variation of vertebral formulae between two colugos: 7C, 13-14T, 6-8L, 4-5S, and 19-22TL (mean: 20.9TL) in Philippine colugos and 7C, 13-14T, 5-7L, 4-5S, and 18-20TL (mean: 19.0TL) in Sunda colugos. Although Janečka et al. [25] reported evidence for three species of Sunda colugos based on their skull morphology, distinct vertebral formulae based on geography in the three subspecies of Sunda colugos were not found in the present study. These data strongly indicate that vertebral formulae in colugos reflect selection from gliding adaptation and geographical variation between two species.
In tree shrews, functional adaptation of the vertebral column has been well debated, although most data on vertebral formulae are also surprisingly poor. Most studies that used small sample sizes, mostly one specimen, showed that the average number of vertebrae for Tupaia tree shrews [32, 40] , Urogale [40] , Dendorogale [13, 40] , and Anathana [58] was 7C, 13T, 6L, 3S, and 19TL, whereas Ptilocercus tree shrews were 7C, 14T, 5L, 3S, and 19TL [22, 30, 32, 40] . These reports showed consistent vertebral formula for Tupaia species (7C, 13T, 6L, and 3S) and Ptilocercus species (7C, 14T, 5L, and 3S). According to Sánchez-Villagra et al. [42] , all eight tree shrews (Ptilocercus lowii) were 19TL. In another studies, Shultz [43] Based on previous data, Sargis [40] commented that arboreal Ptilocercus had more thoracic and fewer lumbar vertebrae than terrestrial Tupaiines, and the axial vertebral column in Tupaia might be more flexible than that in Ptilocercus; therefore, Tupaia is more adapted to the ground.
Our results using a large sample size of 112 tree shrews showed higher variation in TL counts (19TL in 81/112, 72.3%) than previous data. Unfortunately, we could not confirm whether arboreal Ptilocercus has more thoracic vertebrae than terrestrial Tupaia because of the limited sample size of Ptilocercus in our present study. However, the most frequent vertebral formulae in Urogale tree shrews (predominately terrestrial [15] ) was also 7C, 14T, 5L, and 3S (5/10, 50.0%). In addition, the typical vertebral formula of 13T, 6L, and 19TL in more terrestrial Tupaia species was present in only 63/99 (63.7%) individuals in our study. Therefore, our results did not support clearly the previous idea regarding the vertebral difference between living in arboreal and terrestrial habitats [40] .
Rodents are definitely the least variable group without any deviation in thoracolumbar counts as shown in other studies [2, 33, 42] . Our study showed that most arboreal and terrestrial rodents were fixed at 19TL without any deviation, but most flying squirrels showed relatively high variation among populations and frequencies (18-21TL), and most semi-aquatic mammals had some variation in frequency . Furthermore, scalytailed squirrels were ultimately exceptional rodents, and typically had 25TL (17/19, 89.5%) with variation. We found only one skeleton illustration of a Pel's flying squirrel (Anomalurus pelii) and it appeared to be 16T, 9L, and 25TL [14] . Any other previous statistical data on the axial vertebrae were always missing Anomalidae data from rodents and therefore concluded that rodents mostly have a fixed 19 TL.
Furthermore, the lineage-specific TL numbers in bats were also uniquely different: flying foxes (18TL in all three) and fruit bats (16TL in 1 and 17TL in 1 of 2). Similar TL modification in bats has been reported (14T4L in Pteropus sp. [38] ; 11T5L in Plecotus auritus [34] ; 11T5L in Myotis [57] ; 13T5L in Rousette [35] ). In addition, our finding regarding sugar gliders also showed 18TL (2/13, 15.4%) among the relatively consistent 19 TL counts in examined marsupials. According to Barbour [3] , the vertebral column always has 26 presacral vertebrae with lineagespecific trade-off of thoracic and lumbar vertebrae [36, 37, 50, 63] . Flower [17] also described similar characteristics for 27 marsupials, including two sugar gliders.
To elucidate mammalian vertebral transformation by different locomotive modes, some researchers have explained the functional aspects: various locomotive behaviours such as suspension, gliding, bridging between branches, climbing, and clinging, are considered to be related to more stable and less flexible vertebral columns in mammals [5, 9, 26, 40, 44, 60] . Therefore, detailed lumbar vertebral characteristics and their relationships with the locomotive behaviours have been examined [16, 18, 20, 21] .
To understand these relationships correctly, it is important to elucidate by osteological, ligamentous, and/or muscular mechanisms [20] ; however, it is difficult to identify their relationships because of the complex nature of these mechanisms. Therefore, we tried to obtain a perspective on the vertebral modification by different locomotive modes based on a large data set of vertebral counts and proportions.
Our vertebral data clearly indicate that some aerodynamic mammals, such as colugos, southern flying squirrels, scaly-tailed squirrels, and bats, show exceptionally high frequencies of variation in thoracic, lumbar, and thoracolumbar counts; and sugar gliders and some semi-aquatic rodents also show some variation. These results indicate that morphological change in vertebral formulae by aerodynamic adaptation is possible as a selection.
Morphological transformation of vertebral proportion among different locomotive modes
Although the specialised and proportional modifications of the forelimb in some aerodynamic mammals have been well examined [4, 28, 46, 47, 49, [53] [54] [55] , it is still not fully understood whether vertebral proportions have been modified by aerodynamic adaptation. Thorington and Santana [55] compared the body skeletal proportions among Glaucomys (gliding squirrels) and Microsciurus (non-gliding squirrels), and reported longer forearms and lumbar and mid-caudal vertebrae and shorter hands and feet in gliding squirrels compared with non-gliding squirrels as morphological modifications for evolution of gliding flight. In the present study, we confirmed longer lumbar and shorter thoracic vertebrae in flying squirrels and in scaly-tailed squirrels. These results show a shared trait in gliding rodents, and this elongation might be a unique selection and have only evolved in gliding rodents. Furthermore, Dermoptera and Chiroptera have prominently longer thoracic and shorter lumbar vertebrae, but sugar gliders have almost the same thoracic and lumbar vertebral proportions as seen in the other mammals adapted to arboreal, terrestrial, and digging habitats. Therefore, each glider may have a unique vertebral proportion with different developmental constraints. This is a developmental issue that should be further addressed in the future.
Our findings also clearly showed prominently elongated cervical and thoracic vertebral proportions in colugos and bats (Table 4) . Jenkins [26] discussed how thickened ribs might facilitate slow climbing and bridging in lorisine primates by increasing the stability of the thorax, which, in turn, increases the stability of the vertebral column. Based on his hypothesis, both colugos and bats seem to share unique functional morphological characteristics. Colugos and bats have wide ribs, and another feature considered to be a synapomorphy uniting these two groups in supraorder Volitantia [45, 46, 47, 51, 52, 61] . Because there are fewer ribs in the tree shrews than in the colugos and bats, the morphological characteristics of the ribs might be associated with functional convergence. The elongated thoracic vertebrae with wide and more ribs have been considered to be advantageous in the chiropterans for hanging [46, 47, 51, 52] and/or for stability of the thorax during flight [48] .
Of mammals we examined, colugos and bats have elongated necks, and these are interestingly hanging and roosting species that do not make a nest. Because they always have to pay attention to their predators during roosting, it is beneficial to be equipped with a flexible and rotating neck to search for predators in addition to advantageous for enlargement of the propatagium.
Furthermore, tree sloths are also hanging species but were not examined in this research. Because threetoed sloths (Bradypus sp.) are known to have nine cervical vertebrae, these species may be advantageous for head rotation during roosting and hanging. However, two-toed sloths (Choloepus sp.) imply some difficulties when compared with other mammals in cervical count: 5CV in 6/49 (12%), 6CV in 42/49 (86%), and 7CV in 1/49 (2%) in C. hoffmanni; seven cervical vertebrae in almost all C. didactylus [7] . These results regarding specialised elongated and shortened cervical vertebrae may show a relationship with ecological selection.
Therefore, a relatively elongated neck might be considered a contributing factor to the derived functional adaptation of the specialised roosting habits and developed propatagium, and not a flying/gliding adaptation.
CONCLUSIONS
We tested our hypothesis that aerodynamic adaptation modifies axial vertebrae based on locomotive mode, and produced a large data set of vertebral formulae and proportions for colugos, tree shrews, rodents and others, which included all aerodynamic mammals. Our results show that aerodynamic mammals have high variation in thoracic, lumbar, and TL counts and proportions. Therefore, aerodynamic adaptation is potentially a selection factor that, despite developmental constraints, shapes variation among mammals with different locomotive modes, such as arboreal, terrestrial, digging, and semi-aquatic.
